M endelian diseases are considered to be rare, yet genetic disorders are estimated to occur at a rate of 40 to 82 per 1000 live births. 1 Epidemiologic studies show that if all congenital anomalies are considered as part of the genetic load, then approximately 8% of persons are identified as having a genetic disorder before reaching adulthood. 2 Collectively, rare genetic disorders affect substantial numbers of persons.
Many patients with genetic diseases are not given a specific diagnosis. The standard of practice involves the recognition of specific phenotypic or radiographic features or biopsy findings in addition to the analysis of metabolites, genomic tests such as karyotyping or array-based comparative genomic hybridization, 3, 4 or the selection of candidate-gene tests, including single-gene analyses and gene-panel tests. The majority of patients remain without a diagnosis. 5 The lack of a diagnosis can have considerable adverse effects for patients and their families, including failure to identify potential treatments, failure to recognize the risk of recurrence in subsequent pregnancies, and failure to provide anticipatory guidance and prognosis. A long-term search for a genetic diagnosis, referred to as the "diagnostic odyssey," also has implications for societal medical expenditures, with unsuccessful attempts consuming limited resources.
Genomic sequencing with the use of massively parallel next-generation sequencing technologies has proven to be an effective alternative to locus-specific and gene-panel tests in a research setting for establishing a new genetic basis of disease. [6] [7] [8] [9] [10] [11] [12] The initial application of next-generation sequencing approaches to clinical diagnosis raises challenges. Beyond the technical challenges of the genomic assay and bioinformatic analyses of massive amounts of data, the diagnostic yield in a clinical laboratory setting for unselected patients with a broad range of phenotypes is unknown. Moreover, interrogation of the exome may uncover secondary findings, complicating reporting. 13 We analyzed 250 unselected, consecutive cases with the use of clinical whole-exome sequencing in a laboratory certified by the College of American Pathologists (CAP) and the Clinical Laboratory Improvement Amendments (CLIA) program.
ME THODS

CLINICAL SAMPLES
We initiated clinical testing with whole-exome sequencing in October 2011. The test was ordered by the patient's physician, after the physician had explained the risks and benefits of testing to the patient and had obtained written informed consent. Each patient (and their parents or guardians, as appropriate) was advised of the potential disclosure of medically actionable incidental findings, defined as conditions unrelated to the indication for testing that might warrant treatment or additional medical surveillance for the patient and possibly other family members.
Peripheral-blood samples were provided in most cases, although other sources of DNA were accepted and samples from both parents were usually provided. Clinical data, provided by the referring physician on the requisition form, included findings according to organ system, neurologic status, growth, and development. We also requested a recent clinic note summarizing the case and the prior workup. Laboratory coordinators monitored the submission of these forms and ensured receipt before interpretation of the data from whole-exome sequencing.
A short clinical synopsis was constructed by the laboratory clinical geneticist and was included in the final report for review by the referring physician. The testing and analysis were performed at the Baylor College of Medicine in clinical diagnostic laboratories certified by CAP and CLIA. Here, we describe data from the first 250 consecutive probands received between October 2011 and June 2012 for whom whole-exome sequencing was ordered (Table 1 ). The aggregate, deidentified reporting of these data was approved by the local institutional review board without the need for further informed consent.
chain-reaction assay with the use of primers with sequencing barcodes (indexes), and hybridized to biotin-labeled VCRome, version 2.1, 14 a solutionbased exome capture reagent that was designed in-house and is commercially available (Roche NimbleGen). Hybridization was performed at 47°C for 64 to 72 hours, and paired-end sequencing (100 bp) was performed on either the Illumina Genome Analyzer IIx platform (24 cases) or the Illumina HiSeq 2000 platform (226 cases) to provide a mean sequence coverage of more than 130×, with more than 95% of the target bases having at least 20× coverage (Table S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Variants that were deemed clinically significant were confirmed by means of Sanger sequencing. Parental samples, if available, were also analyzed by means of Sanger sequencing to determine whether the mutated allele had been transmitted and, if so, by whom. For each case, several rare variants (typically, five to eight) were studied in the proband and family members. Nonpaternity could thus be discovered.
DATA ANALYSIS AND ANNOTATION
Before clinical interpretation, the data were ana lyzed and annotated by means of a pipeline that was developed in-house (www.tinyurl.com/ HGSC-Mercury; see the Supplementary Appendix). Briefly, the output data from the Illumina Genome Analyzer IIx or HiSeq 2000 were converted from a bcl file to a FastQ file by means of Illumina Consensus Assessment of Sequence and Variation software, version 1.8, and mapped to the reference haploid human-genome sequence (Genome Reference Consortium human genome build 37, human genome 19) with the use of the BWA program. 15 Variant calls, which differed from the reference sequence, were obtained with the use of Atlas-SNP and Atlas-indel. 16 Another in-house software program, CASSANDRA, was used for variant filtering and annotation (see the Supplementary Appendix).
Variants with suboptimal quality scores were removed from consideration. Remaining variants were compared computationally with the list of reported mutations from the Human Gene Mutation Database. 17 Variants in this database with a minor allele frequency of less than 5% according to either the 1000 Genomes Project 18 or the ESP5400 data of the National Heart, Lung, and Blood Institute GO Exome Sequencing Project (http://evs.gs.washington.edu/EVS) were retained. For changes that are not in the Human Gene Mutation Database, synonymous variants, intronic variants that were more than 5 bp from exon boundaries (which are unlikely to affect messenger RNA splicing), and common variants (minor allele frequency, >1%) were also discarded ( Fig. 1) .
DATA INTERPRETATION
Whole-exome sequencing variants (i.e., DNA sequence mutations) that remained after the steps described above were classified as deleterious mutations (potentially pathogenic variants), variants of unknown clinical significance, or benign variants, in accordance with the interpretation guidelines of the American College of Medical Genetics and Genomics (ACMG). 19 Deleterious mutations and variants of unknown clinical significance were further classified as related or unrelated to the patient's phenotype and as poten- tially medically actionable mutations, recessive mutations in carriers, or mutations with no known disease associations.
DIAGNOSTIC CRITERIA
We applied stringent criteria for determining causative alleles. Confirmed variants were required to have occurred in genes in which mutations had been previously reported to cause disease with a presentation consistent with that observed in the patient. Recurring alleles scored most highly. All alleles were examined to determine their consistency with deleterious mutations of ACMG category 1 (previously reported to be deleterious) or category 2 (predicted to be deleterious). 19 Assessment of the deleterious status of novel or rare changes was aided by a battery of in silico prediction programs, 20 which were used only as a guide and were not solely relied on. Patterns of familial segregation were tested to identify expected modes of inheritance, and the similarity of identified phenotypes with those described in previous reports was considered (Fig. 1) . All putative causative alleles were subjected to extensive literature and database searches, and the results were discussed in roundtable sessions by laboratory directors and physicians with appropriate clinical expertise. This review sometimes resulted in reclassification of the variant status, owing to ambiguous records in databases or the literature. For each of the 62 cases, a claim of causality depended on the referring physician's agreement with the molecular diagnosis.
DATA REPORTING
The interpretation of clinical whole-exome sequencing data at our center was performed by a team of persons representing several areas of expertise. Scientists with doctorates and expertise in genetics or genomics, clinical molecular geneticists and medical geneticists certified by the American Board of Medical Genetics, medical directors, and genetic counselors performed several independent levels of review.
The results of whole-exome sequencing were sent in a two-tiered report to the referring physician within approximately 15 weeks after the test was requested (Table 2) . Tier one was focused on the disease phenotype and included deleterious mutations and variants of unknown clinical significance related to the phenotype. Medically actionable incidental findings, autosomal recessive carrier status for genes from the ACMGrecommended population-screening panel, 21 and a limited number of variants that influence the metabolism of the drugs clopidogrel and warfarin were also reported ( Table 2 ). The expanded set of variants in tier two were provided if they were requested by the physician and if additional consent for tier-two reporting of results had been obtained from the patient. The expanded report included mutations and variants of unknown clinical significance in genes unrelated to the phenotype, as well as deleterious mutations in genes with no known association with disease. Mutations in this latter category were monitored every 6 months for the establishment of additional molecular diagnoses by checking the mutations against newly discovered disease genes; if a match was found, the mutation was reported to the referring physician in an addendum. 
R E SULT S
CHARACTERISTICS OF THE PATIENTS
Of the 250 patients, approximately 80% were children with phenotypes related to neurologic conditions (Table 1) . Most patients were younger than 18 years of age; four specimens from fetuses from terminated pregnancies were also included. All patients had undergone prior genetic testing, which consisted of chromosomal microarray analysis, 3,4 metabolic screening, DNA sequencing studies, or a combination of these tests. The prior diagnostic workup of all 15 positive cases from local referrals is shown in Table S2 in the Supplementary Appendix. The office settings of the ordering physicians were as follows: genetics (61% of offices), pediatrics (24%), and neurology (12%). The remaining 3% were cardiology, endocrinology, sleep medicine, and pathology offices. Samples were available from both parents for 75% of the patients. The costs of testing were billed to the insurance company by the Baylor College of Medicine laboratory for 129 cases (52%), 3 of which were denied coverage; 119 (48%) were billed to the referring institution, and 2 (1%) were nonbilled cases. Insurance coverage was similar to that of established genetic tests.
EXOME SEQUENCING
Approximately 200,000 to 400,000 single-nucleotide variants and small insertion and deletion changes were identified in each patient's personal genome by comparison with the current reference haploid human genome sequence (human genome 19). Multistep filtering retained approximately 400 to 700 variants of potential clinical usefulness per sample ( Fig. 1 and Table 2 ). More than 86% of the variants elected for potential reporting were confirmed by means of Sanger sequencing of the probands. The remaining 14% were found to be false positive results; these calls usually had unequal allele fractions, poor mapping scores, or sequence data indicating suboptimal alignment to the reference sequence.
DIAGNOSES BASED ON WHOLE-EXOME SEQUENCING
Of the 250 probands, 62 carried 86 mutated alleles that satisfied criteria for a molecular diagnosis (Table 3, and Table S3 in the Supplementary Appendix). The overall rate of a positive molecular diagnosis was 25%. This group included 33 patients with autosomal dominant disease, 16 with autosomal recessive disease, and 9 with X-linked disease. In addition, 4 patients received molecular diagnoses of two nonoverlapping genetic disorders: 3 with both an autosomal dominant disorder and an autosomal recessive disorder and 1 with an autosomal recessive disorder and an X-linked disorder (Table 4 ). There was a trend toward an association between the rate of a positive diagnosis and the clinical phenotype observed (Table 5) , with the highest rate of a positive diagnosis in the group of patients with a nonspecific neurologic disorder (33%), followed by the group of patients with a specific neurologic disorder (31%). The 86 mutations included a full range of mutation types: 20 small frameshift, 2 in-frame, 9 nonsense, 9 splice, and 46 missense mutations. All positive cases (Tables 3 and 4, and Table S3 in the Supplementary Appendix) met each of the diagnostic criteria regarding mutation severity, appropriate inheritance patterns (when parental data were available), and diseasephenotype con cordance. A total of 36 patients had autosomal dominant disorders (including 3 of the patients with two nonoverlapping genetic disorders); 6 (17%) of these patients, for whom parental data were not available, carried truncating mutations or missense mutations that had previously been reported in affected persons, 5 (14%) had inherited mutations from symptomatic parents, and 25 (69%; 83% of the 30 patients for whom parental data were available) had de novo mutations, including one de novo mutation in the mosaic state. Of the 36 dominant alleles, 24 (67%) were novel variants at the time of diagnosis.
For the 20 patients with autosomal recessive disease (including the 4 patients with two nonoverlapping genetic disorders), parental studies indicated that 19 had inherited mutant alleles from each carrier parent. The remaining patient, for whom parental samples were not available, carried an apparently homozygous, common, disease-causing mutation.
Among the 10 patients with X-linked disorders, 4 (2 boys and 2 girls) carried de novo mutations, 5 (all boys) had maternally inherited mutations, and 1 boy (for whom a maternal sample was not available) carried a previously reported frameshift mutation. Of the 29 total de novo mutations, 23 were single-nucleotide substitutions, including 3 (13%) that occurred at CpG dinucleotides, and 6 were small deletions or duplications.
Of the 62 patients with a positive diagnosis, 39 had rare genetic disorders seen only once in this study, and 23 had recurrent clinical phenotypes (Table 3, and Table S3 in the Supplementary Appendix). The 23 patients with recurrent phenotypes included 4 patients with a Noonan-spectrum disorder involving three genes (PTPN11, KRAS, and CBL) encoding proteins in the mitogen-activated protein kinase and extracellular signal-regulated kinase pathways 22 ; 4 patients with intellectual disability or the Coffin-Siris syndrome involving three different SWI-SNF chromatin remodeling genes (ARID1A, ARID1B, and SMARCB1) [23] [24] [25] ; 3 patients with the Cornelia de Lange syndrome caused by mutations in genes NIBPL, SMC1A, or HDAC8, whose protein products are involved in sisterchromatid cohesion 26 ; and 12 patients with causative mutations in six genes, each of which was mutated in 2 unrelated patients.
INCIDENTAL FINDINGS
In addition to diagnostic findings, 30 of the 250 patients had medically actionable incidental findings in a total of 16 genes (Table S4 in the Supplementary Appendix). Of the 16 genes, 9 were among the medically actionable genes recently recommended for reporting by the ACMG. 27 Carrier-status mutations in genes from the ACMGrecommended population-screening panel 21 were also detected in 13 of the 250 patients (Table S5 in the Supplementary Appendix).
DISCUSSION
On applying whole-exome sequencing to the diagnoses of 250 unselected, consecutive patients, we observed a molecular diagnostic yield of 25%, which is higher than the positive rates of other genetic tests, such as karyotype analysis (5 to 15%), 28, 29 chromosomal microarray analysis (15 to 20%), 30 and Sanger sequencing for single genes. In our laboratory, the positive rate for single-gene tests by means of Sanger sequencing ranges from 3 to 15% for genes such as FOXG1 and MECP2, which are associated with relatively nonspecific phenotypes, to a high of 47% for CHD7, which is associated with the more specific, readily identifiable phenotype of the CHARGE syndrome (coloboma of the eye, heart anomaly, atresia of the choanae, retarded growth and development, and genital and ear anomalies) (Fig. S1 in the Supplementary Appendix). Among the 500 additional clinical exomes completed during the review process for this article, we obtained a similar diagnostic yield, at 26% (data not shown). Previous studies have shown that 31% of patients with nonsyndromic, sporadic cases of intellectual disability (16 of 51 patients) and 13% of those with severe intellectual disability (13 of 100) can be provided with a specific molecular diagnosis by means of next-generation sequencing approaches. 11, 12 The 25% diagnostic rate in our clinical study may be the result of different categories of presentation; 200 of 250 patients had intellectual disability as one of the clinical features, and the diagnosis was determined in 51 of these patients (26%) by means of wholeexome sequencing. Overall, among patients who had nonsyndromic disorders with a neurologic phenotype (intellectual disability or developmental delay), the diagnostic rate was 33%. Wholeexome sequencing provided a diagnosis in 31% of persons with a specific neurologic finding, such as a movement disorder. These results suggest that these two groups of patients in particular are good candidates for testing with whole-exome sequencing.
Before ordering whole-exome sequencing, physicians had carried out extensive clinical diagnostic workups, some of which exceeded the time and cost of the clinical whole-exome sequencing. For example, one patient (Patient 14 in Table S3 in the Supplementary Appendix) had whole-exome sequencing ordered at 26 months of age. He had previously been evaluated by means of chromosomal microarray analysis, DNA methylation, eight single-gene sequencing tests, mitochondrial genome sequencing by next-generation sequencing, respiratory-chain enzyme analysis, and multiple biochemical analyte studies. On the basis of the charges listed for these tests, we found that the cost of this patient's previous genetic testing was three times as high as the current cost of whole-exome sequencing. This patient carried a mutation in SYNGAP1, 31 which is associated with a newly recognized nonsyndromic mental retardation that may not have been identified by conventional genetic testing. He also had an incidental, medically actionable mutation in FBN1 that would have escaped detection without whole-exome sequencing.
The 25% diagnostic rate that we observed will probably increase in future case series. Gains will be made through improved detection of 33 Additional information from family studies or further feedback from referring physicians may also establish more diagnoses among the cases in our study that have not yet been identified through whole-exome sequencing. Clinical confirmation is often the only means of establishing the veracity of the diagnosis. Often, a second laboratory assay is not available to independently confirm the diagnosis. The possibility of false positive results exists but is small and similar to that for other laboratory diagnoses that need to be considered in the context of the clinical presentation. There is also the possibility of an evolving phenotype that might at some point alter or add to the diagnosis in some patients.
In the cases that went undiagnosed, the etiologic mutations may be located in noncoding regions, such as regulatory or deep intronic regions that cannot be detected by means of whole-exome sequencing. Sequencing of all annotated coding exons of the X chromosome in 208 families with X-linked mental retardation identified causative alleles in only 25% of the families that underwent analysis, 34 which is consistent with a bias in mutation type in the Human Gene Mutation Database and suggests that our understanding of the allelic architecture of even mendelizing traits is far from complete.
Technical limitations may also account for a small but considerable fraction of cases in which whole-exome sequencing did not identify the variation underlying an apparent mendelian disorder. The mutant alleles may be located in the coding regions that are not well covered by whole-exome sequencing (about 5% of the coding regions) ( Table S1 in the Supplementary Appendix). A potential remedy for this problem is whole-genome sequencing, but it is more expensive than whole-exome sequencing and results in a depth of sequence coverage that is lower than that achieved by whole-exome sequencing. Other technical limitations may result from the presence of multiple pseudogenes or repetitive regions that obscure the specific copy to which the variant maps. 35 Although most patients who receive a diagnosis on the basis of whole-exome sequencing are likely to have rare genetic diseases, it was expected that some of the diagnoses would be relatively common syndromes. In fact, four patients received a molecular diagnosis of Noonanspectrum disorder, a common and relatively welldefined group of disorders. The diagnosis in one of these four patients was suspected on the basis of clinical examination, but sequencing analyses of Noonan-panel genes failed to identify a causative mutation. Whole-exome sequencing detected a deleterious mutation in CBL, a relatively new Noonan gene that had not been included in the Noonan gene panel at the time that the patient's DNA was analyzed with the use of that panel. The other three patients presented with atypical clinical phenotypes, and Noonan-spectrum disorders were not in the immediate differential diagnosis. We suggest that as testing with whole-exome sequencing evolves to characterize more patients with atypical presentations of known genetic diseases, the spectrum of phenotypes associated with genetic disorders will expand.
Whole-exome sequencing has also proved useful in the characterization of patients with multiple diagnoses. Among the 62 patients for whom whole-exome sequencing provided a positive result, we identified mutations that were responsible for more than one condition with genetic bases in 4 patients (6%); this was unexpected, given the heuristic paradigm of a singular unifying diagnosis in clinical medicine. It is like ly that as whole-exome sequencing and whole-genome sequencing achieve more widespread clinical implementation, multiple "hits" in a patient that explain the superimposed 
